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LQ WKH QXPEHU RI 0') SDVV 7KH LQLWLDO DYHUDJH JUDLQ VL]H RI  QP ZDV UHILQHG WR WKH ILQDO JUDLQ VL]H RI  QP 7KH
WUDQVPLVVLRQHOHFWURQPLFURVFRSHVFDQQLQJHOHFWURQPLFURVFRSHDQGRSWLFDOPLFURVFRSHZDVXVHGIRUWKHPLFURVWUXFWXUHVWXG\RI
WKHXQGHIRUPHG0')RUJHGDQGZHDUZRUQVXUIDFHV




7KH LQWHUHVW LQ VHYHUH SODVWLF GHIRUPDWLRQ 63' SURFHVVHG EXON XOWUD ILQH JUDLQHG PDWHULDOV KDYH GHYHORSHG
FRQVLGHUDEO\RYHUWKHODVWGHFDGH6HYHUHSODVWLFGHIRUPDWLRQIRUWKHIDEULFDWLRQRIXOWUDILQHJUDLQPDWHULDOVUHIHUVWR
YDULRXV H[SHULPHQWDO WHFKQLTXHV VXFK DV KLJK SUHVVXUH WRUVLRQ +37 HTXDO FKDQQHO DQJXODU SUHVVLQJ (&$3
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LQ WKH LQFUHDVH LQ IORZ VWUHVV DQG KDUGQHVV DORQJ ZLWK WKH UHILQHG QDQR JUDLQ VWUXFWXUH GXULQJ WKH 63' VWXG\ RI
FRSSHU DQG$O&X DOOR\ E\ DSSO\LQJPXOWLSOH FKDQQHO GLH FRPSUHVVLRQ SURFHVV LQ WKH SODQH VWUDLQ FRQGLWLRQZLWK
PDLQWDLQHG FRQVWDQW VWUDLQ UDWH RI V .XQGX HW DO  LPSDUWHG 63' LQ FRSSHU E\ DSSO\LQJ PXOWLSOH
FRPSUHVVLRQLQDFKDQQHOGLHSURFHVVDWGLIIHUHQWWHPSHUDWXUHVWRDQHTXLYDOHQWVWUDLQRI DQGDQGUHVXOWHGLQWKH
LPSURYHPHQW RI IORZ VWUHVV DQG VWUDLQ UDWH VHQVLWLYLW\ 0LXUD HW DO  UHVXOWHG XOWUDILQH JUDLQ VWUXFWXUH DQG
LPSURYHG KDUGQHVV GXULQJ 0') RI $= 0J DOOR\ E\ DSSO\LQJ FXPXODWLYH VWUDLQ XS WR  XQGHU GHFUHDVLQJ
WHPSHUDWXUH FRQGLWLRQV<DQHWDODFKLHYHGKLJKVWUHQJWKDQGLPSURYHGGXFWLOLW\RQDOXPLQXPDOOR\E\
XVLQJ0')SURFHVVDQGDJLQJKHDWWUHDWPHQWSURFHVV*DRHWDOUHSRUWHGLPSURYHPHQWLQWKHPHFKDQLFDODQG
WULERORJLFDO SURSHUWLHV RI WKH FRPPHUFLDO DOXPLQXP EURQ]H DOOR\ DIWHU HTXDO FKDQQHO DQJXODU H[WUXVLRQ DW KLJK
WHPSHUDWXUH3UDVDGPRQLWRUHGGU\VOLGLQJZHDUUDWHRIWKHOHDGHGWLQDQGDOXPLQXPEURQ]HVE\XVLQJSLQRQ
GLVFPDFKLQH IRU GLIIHUHQW VOLGLQJ VSHHGV DQG DSSOLHG SUHVVXUH DQG DOVR VWXGLHG WKH IULFWLRQDO KHDWLQJ DQG VXUIDFH
URXJKQHVVGXULQJWKHZHDU7KHVWXG\UHVXOWVQRGLUHFWFRUUHODWLRQEHWZHHQZHDUUHVSRQVHDQGPHFKDQLFDOSURSHUWLHV
RIWKHVDPSOH0LXUDHWDOUHSRUWHGDILQHEDODQFHEHWZHHQ\LHOGVWUHQJWKXOWLPDWHWHQVLOH VWUHQJWKDQGSODVWLF
VWUDLQ WR IUDFWXUH GXULQJ 0') RI $= 0J DOOR\ DW URRP WHPSHUDWXUH E\ DSSO\LQJ ORZ SDVV VWUDLQV XS WR WKH
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] WR [ [ WR \ \ WR ] D[HV VHYHUDO WLPHV DV VKRZQ LQ ILJXUH E 7KH0') ZDV DSSOLHG XSWR  SDVV WR REWDLQ
FRQVLVWHQWO\IRUJHGVWUXFWXUHDWFRQVWDQWSUHVVLQJVSHHGRIPPPLQ E\XVLQJWRQVFDSDFLW\SUHVV 7KHWRWDO
HTXLYDOHQW VWUDLQ RI ZDV DSSOLHG LQ WKH 0') F\FOHV 7KH0R6 OXEULFDQW ZDV XVHG WR UHGXFH WKH IULFWLRQ
EHWZHHQGLHDQGVSHFLPHQFRQWDFWSRLQWVGXULQJFRPSUHVVLRQ7KHWHQVLOHWHVWVZHUHFDUULHGRXWDWURRPWHPSHUDWXUH
RQ WKH VSHFLPHQV ZLWK  PP JDXJH OHQJWK DQG  PP JDXJH GLDPHWHU PDFKLQHG IURP WKH IRUJHG VDPSOHV
SHUSHQGLFXODU WR WKHGLUHFWLRQRI ILQDO FRPSUHVVLRQ D[LV DW FRQVWDQW WHQVLOH UDWH RI PPPLQE\ DSSO\LQJ7LQLXV
2OVHQ+.6XQLYHUVDO WHVWLQJPDFKLQH7KHYLFNHU¶VPLFURKDUGQHVVZDVPHDVXUHGIRUKHDW WUHDWHGXQGHIRUPHG
DQG0') VDPSOHV DW URRP WHPSHUDWXUH XQGHU DSSOLHG LQGHQWHU ORDG RI  NJ DQG GZHOO WLPH RI  VHFRQGV WKH
DYHUDJHRILQGHQWVPHDVXUHPHQWVZDVWDNHQDVILQDOKDUGQHVVUHDGLQJ7KHPLFURVWUXFWXUHFKDUDFWHUL]DWLRQRI0')
VDPSOH ZDV SHUIRUPHG E\ XVLQJ KLJK UHVROXWLRQ WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH +57(0 -(0 -(2/
-DSDQRSHUDWHGDWN9DQGRSWLFDOPLFURVFRSH20)RUWKH7(0RIXQGHIRUPHGDQG0')RUJHGVDPSOHVWKLQ
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VOLFHVZHUHSUHSDUHGE\XVLQJPHFKDQLFDOSROLVKLQJGLPSOLQJDQG$ULRQPLOOLQJSURFHVVHV7KHVDPSOHV IRU20
ZHUHPLUURUSROLVKHGDQGHWFKHGLQDVROXWLRQRIDPPRQLDK\GUR[LGH1+2+POK\GURJHQSHUR[LGH+2
PO DQG GLVWLOOHGZDWHU PO 7KH DYHUDJH JUDLQV DQG FU\VWDO VL]H ZDVPHDVXUHG E\ XVLQJ OLQH LQWHUFHSWLRQ
PHWKRG $GU\VOLGLQJDGKHVLYHZHDUWHVWZDVSHUIRUPHGE\XVLQJSLQRQGLVFZHDUWHVWLQJPDFKLQH7KH ZHDU WHVW
ZDVH[HFXWHGRQVWDWLRQDU\F\OLQGULFDOSLQVSHFLPHQRIPPGLDPHWHUDQGPPOHQJWKWHVWHGDJDLQVWWKHURWDWLQJ
GLVNV(1RI+5&KDUGQHVVIRUGLIIHUHQWVOLGLQJVSHHGVDWURRPWHPSHUDWXUHZLWKPPWUDFNUDGLXV1
ORDG DQG  P VOLGLQJ GLVWDQFH %HIRUH VWDUWLQJ WKH WHVW SLQ FRQWDFW VXUIDFHV ZHUH SROLVKHG E\ XVLQJ  JULW
SROLVKLQJ SDSHU FOHDQHGZLWK DFHWRQH EHIRUH DQG DIWHU HYHU\ WHVW 7KHZHDU UDWH ZDV GHWHUPLQHG E\ ZHLJKW ORVV
PHWKRG7KHZHLJKWRISLQVZDVPHDVXUHGEHIRUHDQGDIWHUHYHU\ZHDUWHVWE\XVLQJHOHFWURQLFEDODQFHPDFKLQH7KH
WHPSHUDWXUH QHDU WKH VSHFLPHQ DQG GLVF FRQWDFW SRLQW ZDV PHDVXUHG E\ XVLQJ SHQ W\SH WKHUPRPHWHU 7KH
PLFURVWUXFWXUHRIWKHZRUQVXUIDFHVZDVREVHUYHGE\XVLQJVFDQQLQJHOHFWURQPLFURVFRSH-(2/-60$DWDQ
DFFHOHUDWLQJYROWDJHRIN9SULRUWR6(0REVHUYDWLRQWKHVDPSOHVZHUHFOHDQHGZLWKDFHWRQH
)LJ6FKHPDWLFRID &RPSXWHUDLGHG PRGHOOHG 0')GLHE0')SURFHVVLQJRIKLJKOHDGHGWLQEURQ]HDOOR\
5HVXOWVDQG'LVFXVVLRQ
 6WUHQJWKKDUGQHVVDQGGXFWLOLW\
7KH VWUHVVVWUDLQFXUYHVIRUXQGHIRUPHGDQG0')HGVDPSOHVLVVKRZQLQILJXUH D7KHILJXUH D WUHQGUHYHDOV









 ı N' DQG+Y  + N'  ZKLFKVWDWHVWKDWWKH\LHOGVWUHQJWKı\ DQGURRPWHPSHUDWXUHKDUGQHVV+Y ERWKDUH
LQYHUVHO\SURSRUWLRQDOWRWKHDYHUDJHJUDLQVL]H'RIWKHPDWHULDO;LQJHWDO7KHJUDLQVDQGFU\VWDOVL]HRI
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KLJKOHDGHGWLQEURQ]HZHUHUHILQHGZLWKWKHQXPEHURI0')SDVV DV VKRZQLQWKHILJXUH DGDQGH7KXV
WKHLPSURYHPHQWLQWKH\LHOGVWUHQJWKDQGKDUGQHVVUHVXOWHGDIWHU0'),QDGGLWLRQWRWKLVWKHVWUHQJWKDQGKDUGQHVV
RI WKHDOOR\DUHGLUHFWO\SURSRUWLRQDO WR WKHYROXPH IUDFWLRQRI WKH VHFRQGSKDVHSDUWLFOHV *DRHWDO 7KH




LQLWLDO GXFWLOLW\ RI WKH XQGHIRUPHG VDPSOH 7KXV WKH GXFWLOLW\ RI WKH DOOR\ ZDV QRW UHGXFHG DIWHU0') ZLWK WKH
LQFUHDVHLQVWUHQJWKDQGKDUGQHVV
 :HDU UDWH
7KHPLFURVWUXFWXUH RIZRUQVXUIDFHV DQG ZHDUUDWHIRUGLIIHUHQWVOLGLQJVSHHGVRIWKHDOOR\LVVKRZQLQWKHILJXUH 
DQG ILJXUH  E 7KH ZHDU UDWH RI XQGHIRUPHG DQG0'IRUJHG DOOR\ ZDV GHFUHDVHG ZLWK WKH LQFUHDVH LQ VOLGLQJ
VSHHGV3UDVDGDOVRVKRZVWKHVLPLODUWUHQGIRUOHDGHGWLQEURQ]HV7KHKLJKHUZHDUUDWHZDVUHVXOWHGDWORZHU
VSHHGFRPSDUHGWRWKHKLJKHUVSHHGEHFDXVHDWORZHUVSHHGRIPVWKHFRQGLWLRQV IRUWKHIRUPDWLRQRIOHDGILOP
RQ WKH ZHDU VXUIDFH ZDV QRW IDYRUDEOH VLQFH WKH LURQ JUDVSLQJ EHWZHHQ WKH VOLGLQJ SLQ DQG WKH URWDWLQJ GLVN LV
QHJOLJLEOH DQG WKHIRUPDWLRQRIOHDGOXEULFDWLQJILOPZLWKRXWLURQSLFNXSUHVXOWVKLJKHUZHDUUDWH DWVORZVSHHGFRP
)LJ D 6WUHVVVWUDLQFXUYHVRIKLJKOHDGHGWLQEURQ]HIRUXQGHIRUPHGDQGDIWHUDQG0')SDVVEFKDQJHVLQXOWLPDWHWHQVLOHVWUHQJWK
876HORQJDWLRQDQGKDUGQHVVZLWKWKHQXPEHURI0')SDVV
SDUDWLYH WRKLJKHU VSHHG WHVWV 3UDVDG .HQQHG\  DQGDOVR VORZVSHHG UHVXOWV ORZ IULFWLRQDOKHDWLQJ
WHPSHUDWXUHDVVKRZQLQWKHILJXUH EZKLFKLQFUHDVHVSLQPDWHULDODIIHFWLRQWRZDUGVFUDFNLQJDQGWKHPDWHULDO
UHPRYHVE\FKLSSLQJRII3UDVDGVKRZQ LQWKHILJXUH  ELQFUHDVHVWKHZHDUUDWH)XUWKHULQFUHDVHLQWKH
VOLGLQJVSHHGUHVXOWVFRPSDUDWLYHO\KLJKIULFWLRQDOKHDWLQJDVVKRZQLQILJXUH EZKLFKOHDGVWRWKHIRUPDWLRQRI
SODVWLFDOO\GHIRUPHGOD\HUDQGHQKDQFHWKHSRVVLELOLW\RIOHDGSDUWLFOHVWRVSUHDGDQGZHDUGHEULVWRVWLFNRQWKHSLQ
VXUIDFH DV VKRZQ LQ WKH PLFURVWUXFWXUH ILJXUH  D 	  F 7KHUHIRUH WKH OHDG SDUWLFOHV OD\HU DFWV DV D VROLG
OXEULFDQWEHWZHHQWKHVOLGLQJVXUIDFHVGHFUHDVHVZHDUUDWHDWKLJKVSHHG3UDVDG 3DWKDN HWDO7KH
ZHDUUDWHRI0'IRUJHGVSHFLPHQZDVIXUWKHUPRUHGHFUHDVHDVFRPSDUHGWRWKHLQLWLDOXQGHIRUPHGVDPSOHV7KH
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ZHDU UDWHRI0'IRUJHG VSHFLPHQZDV IXUWKHUPRUHGHFUHDVHDVFRPSDUHG WR WKH LQLWLDO XQGHIRUPHGVDPSOHV7KH
KDUGQHVV DQG UHILQHG FU\VWDOV DQG JUDLQV REWDLQHG E\0') UHVXOWV LQ GHFUHDVH ZHDU UDWH DW VORZHU VSHHG ZKLFK
GHFUHDVHV SURJUHVVLYHO\ ZLWKWKHLQFUHDVHLQVOLGLQJVSHHGDVVKRZQLQILJXUH  D
)LJ2SWLFDOPLFURJUDSKVRIZHDUVXUIDFHVRIKLJKOHDGHGWLQEURQ]HD IRUPDWLRQRIOHDGSDUWLFOHOD\HUVPDUNHGE\VLJQ)DWKLJKVSHHGRI
PV E PHWDOUHPRYDODVFKLSRIIPDUNHGE\VLJQ &DWVORZVSHHGRIPV F VWLFNLQJRIGHEULVRQZHDUVXUIDFHPDUNHGE\VLJQ6DW
PVVSHHG
7KH HIIHFWRIGHFUHDVHLQZHDUUDWH ZLWKWKHKDUGQHVVFDQEHH[SODLQHG DFFRUGLQJ WRWKH$UFKDUG¶VODZ *DRHW DO
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 0LFURVWUXFWXUH(YROYHG
 2SWLFDO0LFURJUDSKV
7KH RSWLFDOPLFURJUDSKV RI XQGHIRUPHG DQG0')HG VDPSOHV IRU GLIIHUHQW SDVV LV VKRZQ LQ ILJXUH  ,W FDQ EH
REVHUYHGWKDWWKH VROLGVROXELOLW\RIOHDGSDUWLFOHVLQWLQDQGFRSSHULVH[WUHPHO\ORZDQGOHDGSDUWLFOHVDUHGLVSHUVHG
WKURXJKRXWWKHPDWUL[ZLWKWKHVPDOOVL]HGOHDGJOREXOHVDQGRFFXUVDVDVHSDUDWHGSDUWLFOH3UDVDG 3UDVDGHW
)LJ D :HDU UDWHRIXQGHIRUPHGDQG0')VDPSOHDIWHUDQGSDVVHVIRUGLIIHUHQWVOLGLQJVSHHGVEDYHUDJHWHPSHUDWXUHFORVH WR WKH
ZHDUVXUIDFHRIXQGHIRUPHGDQG0')VDPSOHDIWHUDQGSDVVHVIRUGLIIHUHQWVOLGLQJVSHHGV
DO  %URRNV  PDUNHG E\ VLJQ / LQ ILJXUH  D 7KH SULPDU\ Į SKDVH PDUNHG E\ VLJQ$ LV D VROLG
VROXWLRQRIWLQ LQFRSSHUSURYLGHVVXSSRUW WRFRSSHUWLQLQWHUPHWDOOLFFRPSRXQGPDUNHGE\WKHVLJQ%LVVKRZQLQ
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)LJ7(0LPDJHVRID	E 8QGHIRUPHGVDPSOH F0')HG VDPSOH DIWHUSDVV G	H0')HG VDPSOH DIWHUSDVV















VWUHQJWK \LHOG VWUHQJWK KDUGQHVV DQGZHDU UDWH RI WKH DOOR\ HIIHFWLYHO\ DORQJZLWK WKH PDLQWDLQHG GXFWLOLW\ 7KH
VWUHQJWKRI WKH DOOR\ DIWHU QLQH0')SDVVZDV WLPHV KLJKHU DQG WKHKDUGQHVVZDV WLPHVKLJKHU WKDQ WKH
LQLWLDOYDOXHV7KHJUDLQ DQG FU\VWDOV UHILQHPHQWRIWKHFRPSRVLWHUHVXOWVILQHGLVSHUVLRQRIWKHDOOR\SDUWLFOHV ZLWK
WKHLQFUHDVHLQ0')SDVVHV7KHLQFUHDVHLQKDUGQHVVRIWKHDOOR\GXHWR0')DOVRLPSURYHGLWVGU\ VOLGLQJ DGKHVLYH
ZHDUUHVLVWDQFHZLWKWKHFKDQJLQJVOLGLQJVSHHGV7KHZHDUUDWHRIKLJK OHDGHGWLQEURQ]HZDVGHFUHDVHGZLWKWKH
LQFUHDVH LQ WKH VOLGLQJ VSHHG7KH WHPSHUDWXUHSURGXFHGQHDU WR WKHZHDU VXUIDFHGXULQJ WKHZHDU WHVW SOD\HG WKH
PDMRUUROHLQWKHIRUPDWLRQRIOHDGOXEULFDWLQJOD\HUVRQWKHVXUIDFHZKLFKUHVXOWHGLQWKHGHFUHDVHRIZHDUUDWHRI
WKHDOOR\DWGLIIHUHQWVOLGLQJVSHHGV7KHVPHDULQJRIWKHOHDGSDUWLFOHV DORQJZLWK KDUGQHVVDWWDLQHGE\0')RQWKH



















=KHUHEVWRY 6 9 6DOLVKFKHY * $ *DOH\HY 50 9DOLDNKPHWRY 2 5 0LURQRY 6 <X 6HPLDWLQ 6 /  3URGXFWLRQ RI
VXEPLFURFU\VWDOOLQHVWUXFWXUHLQODUJHVFDOH7L̢$O̢9ELOOHWE\ZDUPVHYHUHGHIRUPDWLRQSURFHVVLQJ 6FULSWD0DWHULDOLD
3DULPL $. 5REL 36 'ZLYHG\ 6.  6HYHUH 3ODVWLF 'HIRUPDWLRQ RI &RSSHU DQG $O&X $OOR\ 8VLQJ 0XOWLSOH &KDQQHO'LH
&RPSUHVVLRQ0DWHULDOVDQG'HVLJQ±
1089 Rahul Gupta et al. /  Procedia Materials Science  5 ( 2014 )  1081 – 1089 
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